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Abstract

Heavy metal pollution is particularly significant in Lake Erie. Sediments act as both
sink and source for metal contaminants. Sediment core samples were collected in May
and June, 2004, from the eastern basin o f Lake Erie in order to assess the mobility o f
heavy metals in benthic ecosystems. Five extractions were applied to solid phase analysis
including acetic acid, ascorbic acid, sodium dithionite, nitric acid/oxalic acid and total
digestion.
Pore water and solid data revealed that mobility o f heavy metals was influenced by
redox reactions. Manganese, Fe and S were the crucial elements for Eh profiles.
Distributions o f trace metals were affected by the oxidization and reduction o f M n and
Fe. Three zones were identified by the profiles o f dissolved Mn and Fe: Mn oxidation,
Mn reduction and Fe reduction. Cadmium had high mobility in the M n oxide zone while
Ni and Co were released with reducible Mn. Solid extractions indicated that
anthropogenic pollution has improved in Lake Erie; reactive Mn and Fe oxides
remobilize trace metals; the distribution o f trace metal oxides are associated with the
oxides o f Fe, A1 and Si. Comparison between ICP-OES and ICP-MS suggest that ICPMS was much more suitable for trace element analysis, on the contrary, ICP-OES worked
better for major element determinations; both methods suffered matrix effects.
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Chapter 1: Introduction
Freshwater remains one o f the w orld’s most precious commodities, as populations
expand at ever increasing rates and with it, the need for this limited resource. North
America possesses a significant fraction o f this global resource in its Great Lakes. The
formation o f these lakes began nearly 14,000 years ago [Bolsenga, 1993] with the
recession o f the large ice sheets associated with major glaciations that impacted much o f
Canada and the upper M idwest o f the United States. A vital economic, biologic and
hydrologic link in the Great Lakes system, Lake Erie was the first o f the Great Lakes
formed as these glaciers retreated to the north [Bolsenga, 1993]. In its m odem form it
accepts water from Lakes Superior, M ichigan, and Huron via the Detroit River and
discharges it into Lake Ontario via the Niagara River (Fig. 1.1).
Lake Erie, the shallowest o f the Great Lakes has a somewhat complex bathymetry
that has led to classification o f three distinct basins. The western basin which lies west o f
Pelee Island, Ontario is particularly shallow with an average depth o f 7 meters [Bentley,
2000]. The average depth o f the central basin, which stretches between Pelee Island and
Long Point, Ontario, is 18 meters [Bentley, 2000]. East o f Long Point lies the deep
eastern basin, with an average depth o f 36 meters and a maximum depth o f 63 meters
[Bentley, 2000]. The distinct morphology o f the lake in turn leads to unique diagenetic
behavior within the basins due to sediment focusing and organic matter deposition.
Lake Erie is an important regional, national, and international resource, as it is part
o f the 2,000-mile long Great Lakes system, which contains nearly 20 percent o f the
world's fresh surface water. Approximately 13 million people live in the Erie drainage
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basin, and 39 percent o f the Canadian shoreline and 45 percent o f the United States
shoreline is devoted to residential use. [Bentley, 2000; Bolsenga et al., 1993] Since Lake
Erie's shores remain home to a heavy concentration o f industry such as auto and steel
production, it has received large anthropogenic inputs o f metals, fertilizers, organic
matter, sewage, and other contaminants from sources within and outside the watershed
for years [Nariagu et al., 1996]. By the mid-twentieth century, Lake Erie had even been
announced to be “dead” by several sources due to extreme eutrophication and the
accompanying oxygen depletion at depth [Bentley 2000]. Among all o f these o f
contaminants in Lake Erie, heavy metals have significant impacts in aquatic
environments due to both their toxicity and their ability to bioaccumulate [Fangueiro et
al., 2002]. Recent reports suggest Lake Erie ranks second in contamination by metals, in
the Great Lakes [Bentley, 2000; Rossmann and Barres, 1988].
The introduction o f metallic pollutants into aquatic ecosystems results from a variety
o f sources: atmospheric deposition, groundwater, surface runoff, direct injection or
dumping and precipitation. Once introduced into the ecosystem, most metals are actively
deposited into the sediments via sorption to particulate matter. With deposition in the
sediments the metals are subjected to a number o f early diagenetic processes resulting
from the oxidation o f organic matter and the transfer o f electrons to terminal electron
accepters (e.g. sulphate, iron oxides, nitrate). During the course o f these diagenetic
reactions metals are redistributed among a variety o f solid reservoirs including: ( 1 ) bound
to adsorptive and exchangeable phases (2) bound to carbonate phases (3) bound to
oxides, (4) bound to organic matter and sulphides, and (5) bound to detrital or lattice
metals (Gibs, 1973). However not all metals find irreversible deposition in the sediments
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and instead can be accumulated by benthic organisms to toxic levels. Therefore both the
bioavailability and subsequent toxicity o f the metals have become the major research
topic associated with sediments [Kemp and Swartz 1988, Berry et al 1996].
Recent advances in metal toxicity research recognize that the total metal
concentration o f sediment can not be strictly used to assess the impact o f heavy metals on
the aquatic ecosystem o f interest. The potential health and environmental hazard o f heavy
metals instead depends on speciation o f the metal and in particular the activity o f free
metal ion (although methylmercury is a notable exception) [Laxen and Harrison, 1981;
Knight and McGrath, 1995; Parker and Pedler, 1997]. For example, metals such as lead,
zinc and cadmium are actively cycled via microbial metabolism and their mobility
depends strongly on their speciation rather than total element concentration e.g. sorbed,
complexed by organics, or sequestered in a solid phase. [Galan et al., 2003, Garcia et al.,
2005]. Specifically there are several factors that strongly affect the m obility o f metals in
the environment [Gabler, 1997; Ma, 2004; Garcia et al., 2005; Sahuquillo et al 2003]:
1. The mineralogic and chemical composition of the sediment.
a.

Chemical parameters include: pH, alkalinity, cationic exchange capacity
(CEC), organic matter content and redox potential. For instance, reduction in
redox potential may lead to changes in metal oxidation state, formation of
new low-soluble minerals, and reduction of Fe, resulting in release of
associated metals (Amrhein et al., 1994; Baumann et al., 2002; Masscheleyn
et al., 1991); a decrease in pH (e.g., an effect of acid rain) may cause a
release of metals from complexes and from solid matter surfaces by
increased competition for sorption sites by the H+ ion [Prokop et al 2003].

3
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b. Physical parameters include: temperature, porosity, bioturbation, and
sediment sorting. Sediment disturbance or dredging, can also lead to both the
desorption and oxidation of contaminant and nutrient species (Morin and
Morse, 1999; Bonnet et al., 2000; Saulnier and Mucci, 2000)
2. The form of initial introduction of the metal: e.g. soluble or particulate.
3. Diagenetic processes, e.g. adsorption-desorption, precipitation, complex and ion-pair
formation or microbial metabolism. (Klinkhammer 1980, Sawlan and Murray 1983,
McKee et al 1989, Taylor et al 2003).
A t present, organic matter as well as Fe and Mn oxyhydroxides are thought to be the
most important reservoirs in freshwater sediments for the binding o f metals [Wen et al.,
1999]. Sulfide in sediments has been regarded as a crucial partitioning phase o f metals in
sediments [Di Toro et al., 1990; Ankley et al., 1991; Allen et al., 1993] although its
influence in freshwater settings has not been well documented. Indeed, the relationship
between the concentration o f acid volatile sulfide (A VS) and that o f the metals that are
released from marine sediment has been used to predict metal bioavailability and toxicity
in anoxic sediments.
Geochemists must therefore move forward to develop quantitative and reproducible
methods to evaluate diagenesis and bioavailability in aquatic sediments. To date most o f
the work in this area has focused on functional chemical extractions to evaluate heavymetal mobility in sediments. Various extractions have been developed to assess the
mobility/availability o f heavy metals in sediment samples; e.g. single extractions [Loring
and Rantala, 1992; Tack and Verloo, 1996; Dassenakis et al., 2003] and sequential
extractions [Tessier et al., 1979; Kersten and Forstner, 1986; Ure et al., 1993; Filgueiras
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et al., 2002]. Comparison o f the effectiveness o f a variety o f these extractions in
evaluating sediment chemistry o f Lake Erie will be a focus o f thesis research presented
here.
There have been several studies o f metal geochemistry o f sediments in Lake Erie,
many o f which had their focus on the western basin o f Lake Erie which represents one o f
the most heavily impacted ecosystems in the Great Lakes Basin. Included in these studies
are some studies o f pore water geochemistry o f heavy metals [M atisoff et al., 1980] and a
study which combined pore w ater and hydrochloric acid-extractable data to interpret the
mobility o f trace and major metals in surficial sediments o f western Lake Erie. [Lum et
al., 1985] However, to date there has not been a study which combines pore water
geochemistry and functional extractions to interpret heavy metal geochemistry in the
eastern basin o f Lake Erie.
For my thesis study, sediment samples and pore water chemistry were collected and
measured respectively in the eastern basin o f Lake Erie. Novel functional extractions and
in situ pore water chemistry measurements were utilized to interpret the geochemistry o f
these sediments and to examine the differences between a series o f extraction techniques.
The specific objectives o f our study include:
1. Analyze pore water geochemistry o f sub-cores from the eastern basin as a
function o f depth to test the implicit assumption that the oxidation zone that
occurs near the surface o f sediment and the redox behavior o f Mn and Fe
affect the dissolution and mobility o f trace metals in pore water, such as Ni,
Co and Cd.

5
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2. Evaluate metal mobility in sediments as function o f depth through a series
o f different chemical extractions to determine the correlation o f extracted
fractions o f various elements with major cations such as Mn and Fe and
hence the role o f processes such as redox, in metal sequestration.
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Chapter 2: Sampling and Methodology
2.1 Sampling
2.1.1 Sampling site selection
As the deepest basin in Lake Erie, the eastern basin o f Lake Erie has unique
characteristics when compared with the western and central basins. For example, the
sedimentation rate in the eastern basin is higher; the bottom waters o f the eastern basin
are thicker and colder, and may maintain higher oxygen levels throughout the summer
[Bolsenga et al 1993]. This is in contrast with the central basin where up to 90 percent o f
the bottom layer can become devoid o f oxygen. In addition, the eastern basin may act as
the catchment o f contaminants coming from the central and western basins. Research
focused on the eastern basin may help us to understand the fate and transport o f
contaminants in Lake Erie and in turn help in the efforts to remediate the whole Lake Erie
ecosystem.
In this project, sediments were collected for geochemical and mineralogical analysis
by box corer from Canadian Coast G uard’s principal great lake research ship, Limnos in
eastern Lake Erie during sampling cruises, June 2004. Sampling stations were selected
around the central line o f the eastern basin in Lake Erie where the deepest w ater occurs
(Fig. 2.1). The goal for sampling station selection was to have sediment sampling sites in
areas o f fine-grained sediment accumulation [Mudroch and MacKnight, 1994; Mudroch
and Azcue, 1995]. Fine-grained sediments (i.e. silt and clay) accumulate in areas o f low
energy due to energy-controlled processes. In most lakes, such an accumulation area is

8
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usually found at the deepest points o f the lake. Table 2.1 presents information on the
sampling sites.

2.1.2 Samplers
Box cores are gravity cores that were designed for collecting large rectangular
sediment cores in biological and geological studies at various w ater depths, variable
penetration rates, and different sediment types. Due to these factors box cores are ideal
for this study as the sediment-water interface is generally minimally disturbed by this
sampling method. The box corer was operated from remotely on the vessel with a
powered winch because o f its heavy weight, and size. There are two basic designs o f the
closing mechanism o f the box core: the Ekman design and the Reineck design [Mudroch
and M acKnight 1994; Mudroch and Azcue 1995; Taft and Jones 2001]. An Ekman
designed box corer was used to collect sediment samples at the bottom o f Lake Erie in
our sampling. It is composed o f a stainless steel box with a pair o f jaw s and free-moving,
hinge flaps. The spring-tension, scoop-like jaw s are mounted on pivot points on opposite
sides o f the box. The jaw s are held open by stainless steel bars and can be triggered and
closed automatically when it reaches the bottom. After closure, the jaw s meet tightly
along the seams to prevent washout during retrieval. During descent through the water,
the flaps are forced open by the pressure o f water passing through the open-jawed box.
The flaps cover the surface o f the box during retrieval o f the sample, preventing
disturbance o f the collected sediment. Fig. 2.2 is a picture o f the box core.

9
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2.1.3 Subsampling and sectioning
In our project, the sediments collected by the box corer were subsampled on board
by inserting plastic core tubes (inner diameter 10cm, length 40cm) into sediment. The
edge o f core tubes were sharpened to minimize the compaction o f the sediment upon
driving the core tubes into the sediment. Water on the top o f the retrieved sediment in the
box corer was carefully siphoned o ff with plastic tubing without disturbing the sediment
surface. The top o f the core tubes had to be sealed by rubber stoppers to prevent the
sediments from falling out during recovery o f the cores from the box corer. The lack o f
disturbance o f the sediment recovered in the box corer could be ascertained by sediment
appearance. The length o f the sediment cores obtained was approximately 30cm. The
appearance o f the sediment core was recorded prior to sectioning using digital
photography, along with other features such as the length o f the core; sediment color,
texture etc.
Sediment cores were subsampled by extrusion from the core tubes and sectioning
into 1-cm or 0.5-cm slices as soon as possible. By subsampling the sediment into larger
sections, for example 3 to 10 cm thick, the information on the vertical distribution o f
contaminants could be lost [Mudroch and MacKnight., 1994; M udroch and Azcue., 1995].
The cores were extruded by a piston-type extruder. The simple piston extruder is
composed o f a metal screw rod, piston and screw holder with a larger diameter than the
piston. 1-cm and 0.5-cm spacers and a plastic cutter were also used for this sectioning
(Figure 2.3). Extruding and sectioning cores using the simple type o f extruder involves
the following steps:
1. Placing the sediment core on the extruder piston

10
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2. Adjusting the position o f holder then pushing the core tube down slowly until the
surface o f the sediment is at the upper end o f the tube.
3. Screwing the holder down till the space between piston and holder was 0.5 or 1
cm thick (measured by spacer).
4. Pushing the core tube down slowly till the piston reaches the holder. Sediment
cores were extruded by 0.5 or 1cm.
5. Sampling the exposed sediment core by using plastic cutter
After sectioning, the slices o f sediment were divided into two parts, one was placed
in a Ziploc plastic bag or wide-mouth vessel and stored frozen at -20°C for solid phase
analysis, and the other was placed in a centrifuge tube for extraction o f pore water.

2.1.4 Pore water extraction
Sediment pore water, also referred to as interstitial water, is defined as the water
filling the space between sediment particles and not held by surface forces, such as
adsorption and capillary source, to sediment particles. Sediment pore water acts as a
linking agent between the bottom sediments and overlying water. The content o f this
water is related to the physical properties and mineralogical composition o f the bottom
deposits. The sediment pore water chemistry may provide clues regarding the types and
extent o f diagenetic processes ongoing within the sediment. Specifically, the sampling
and analysis o f sediment pore water can provide valuable information on chemical
changes occurring in the sediment, on the equilibrium reactions between the sediment
solid phases and the water, on the transport and fluxes o f contaminants into the
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sediment/water interface and overlying water, and on the availability o f nutrients and
toxic chemicals to the biota [Mudroch and MacKnight, 1994; M udroch and Azcue, 1995].
M ost fine-grained deposits become anoxic at shallow depths (a few millimeters) but
become rapidly oxidized upon exposure to air. The oxidation o f sediments brings about
rapid changes in redox-sensitive chemical species dissolved in the sediment pore water.
To obtain a pore water sample approximating the natural sediment environment, exposure
o f the sediment and sampled pore w ater to the atmosphere must be mimized by
employing oxygen-free conditions during the entire processing period. This can be
accomplished by using an inert gas such as argon, nitrogen, helium [Mudroch and
MacKnight, 1994; Mudroch and Azcue, 1995].
M ajor techniques o f pore water extraction include squeezing, centrifugation, dialysis,
and suction. In our project, centrifugation was chosen because o f its advantages:
simplicity, amount o f sediment available, and ease o f obtaining large volumes [Mudroch
and M acKnight, 1994; M udroch and Azcue, 1995].
Sediment pore water sampling was done in an anaerobic chamber full o f nitrogen.
Sediment fractions were placed in 50ml centrifuge tubes with caps screwing tightly and
centrifuged at 6000 rpm for 15 to 30 min. After centrifugation, the supernatant was
filtered into polyethylene containers using plastic syringes with syringe filters (pore size
0.45pm, diameter 30mm). The pH and redox potential were determined via a solid-state
pH electrod and a platinum electrode respectively while on board the Liminos. Pore water
samples were frozen and transported to the laboratory in GLIER. Alkalinity was
determined by UV-Vis spectrophotometer. Sulfate, nitrate, nitrite and phosphate were
determined by Ion Chromatography; ICP-MS was used to determine trace elements e.g.
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Co, M o, U, Tl, Ce, Cu, Cd, Pb, Zn, Cr; ICP-OES was used for the analysis o f major
elements e.g. Fe, Mn, Al, Ca, Na, Mg.

2.2 Experiment methods for pore water analysis
2.2.1 pH and Eh measurement
pH is determined by pH meter (VW R SP20); Eh is measured by using a pH meter
in ion selective mode and using a platinum electrode. The electrode was calibrated using
ZoBell’s solution (VWR SP20).

2.2.2 Alkalinity measurement
The method is adapted from Sarazin et al. (1998). Reagent was prepared by mixing
lOmmol/L formic acid and 50 mg/L bromophenol blue. Apparatus is UV-Visible
spectrophotometer (Thermospectronic G20)
Although described in detail in Sarazin et al., 1998, here I provide a brief summary
o f the technique. For alkalinity values between l-20mmol/L, 200 pL o f standard solution
or pore w ater sample was added intol ml o f the reagent then mixed and measured by UVVis at 590nm. Sodium bicarbonate was used as standard. Distilled water, deaerated with
nitrogen, was used as a blank. Fig. 2.4 is a representative standard curve for alkalinity
measurement.

2.2.3 N 0 2‘, NO 3 ', SO4 2' and PO 4 3' determination
N O 2 ', N O 3 ', SO 4 2', P 0 43’ and Cl were determined by Ion chromatograph (IC)
(Dionex As 50). Calibration standards utilized include sodium nitrite, sodium nitrate,
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sodium sulfate and potassium dihydrogen phosphate. Sodium nitrite was treated by the
following procedure before making solution: 2 g o f sodium nitrite was placed in a 125 ml
beaker and dried to constant weight (about 24 hours) in a desiccator containing
concentrated sulfuric acid. Standards and samples were prepared in an anaerobic
environment. Standard curves for IC analysis are presented in Fig. 2.5

2.2.4 ICP-OES determination
Pore water samples were diluted by a factor o f 10 in 1% H N 03 for ICP-OES
(IRIS#701776, Thermo Jarrell Ash Corporation) analysis. The following major and minor
elements were quantified (Mn, Fe, Si, S, Na, Mg, Al, K, Ca) and some trace metals (V,
Zn, Ni, Cr). Calibration was undertaken by measurement o f a series o f mixed element
standards.

2.2.4.1 Principle of ICP-OES [Botes, 2003]
The ICP-OES is an efficient source o f atomic and ionic emission, which can be
applied in principle for the determination o f all the elements other than argon and helium.
The principle o f the method is to excite the atoms into the higher energy levels by
employing optimal conditions. This state is only temporary, because o f the atom ’s natural
tendency to return to the ground state. For the atom to change back to the ground level
state the additional energy must be released. This energy can be observed as emission
radiation, which is characteristic to the element emitting. A single element has a number
o f emission lines that can be used for analytical determination. However, the most
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commonly used lines for an element, depend on the sensitivity o f the line and possible
interferences.

2.2.4.2 The various components of an ICP-OES [Botes, 2003]
A typical ICP-OES system is comprised o f the following components (Fig. 2.6).
• A sample introduction system
The main function o f the sample introduction system is to generate a fine aerosol o f
the sample so that it can be effectively ionized in the analytical plasma. The sample
introduction system consists o f the peristaltic pump for sample uptake, nebulizer to
aspirate the sample and generate an aerosol and the spray chamber to separate the smaller
and bigger droplets because the plasm a discharge is inefficient at dissociating large
droplets.

• The plasma, ICP torch and gas supply [Calderon, 2005; Botes, 2003]
An ICP is formed during the coupling o f free electrons from a suitable gas (usually
argon) to the energy radio frequency (RF) magnetic field, which is produced by a radio
frequency generator. The gas is contained in a plasma torch, which consists o f three
concentric tubes made o f materials that are resistant to high temperature (usually quartz).
These three concentric quartz tubes are arranged to provide suitable gas flow geometry.
The magnetic field is generated by a radio frequency (RF) coil surrounded the top o f the
torch.
In ICP-OES there are three gas flows (usually argon), which are necessary for
plasma formation and instrument operation. Firstly, the coolant gas flow is used to avoid
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melting o f the torch. Secondly, the main function o f the auxiliary or intermediate gas is to
lift plasma. The third and central gas flow is called the injector or nebulizer gas. This is
the gas flow that is needed to drive the nebulizer and to transport the sample to the
plasma.
An inductively coupled plasma (ICP) is formed when some electrons o f the argon
atoms are stripped o ff by a high-voltage spark applied to the gas flowing at the end o f the
torch. These electrons are accelerated in the electromagnetic field generated by the RF
coil and collide with other argon atoms stripping o ff more electrons. This collision
induced ionization o f the argon continues in a chain reaction, breaking down the argon
gas into ions and electrons forming high energy plasma.
An ICP has a temperature gradient between 8000 °K at the base o f the plasma to
6000 °K at the end. Sample aerosol enters the plasma via the sample injector. As the
sample passes through these different temperature zones, it undergoes several physical
changes before it becomes ionized. The first change involves desolvation o f the droplets
with w ater molecules stripped away turning the aerosol into solid particles. As the sample
moves further into the plasma, the solid particle changes first into a gaseous form and
then into ground-state atoms. The ionization o f the atoms is achieved mainly by collisions
o f the argon electrons with the ground-state atoms. The ionized sample emerges from the
plasma and is directed into the interface region o f the mass spectrometer.

• Transfer optics and an optical spectrometer
The function o f the spectrometer is to select a given line in the emission spectrum
and isolate it from the other lines. The most important features the spectrometer must
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provide are the following: high resolution, light throughput and stability. The other factor
that must be taken into account is to minimize the factor for spray light in the
spectrometer. It is, however, not always possible to have high light throughput and high
resolution, and a compromise between the two is often necessary.

• Detectors and other electronics
One o f the detection devices that are becoming more popular recently is the charge
transfer device (CTD). These devices have high sensitivity and large dynamic range.
There are two main types: Charged Coupled Device (CCD) and the Charged Injection
Devices (CID). The CCD which is used in our equipment has the highest efficiency and
very low noise levels. It can be thought o f as a large number o f photodetecting analog
shift registers. After the photon-generated charges have been stored, they are recorded
horizontally, row-by-row, through a high-speed shift register to a preamplifier. A
computer stores the resulting signal. Conversely for the CID, the light strikes a rowcolumn structure o f discrete pixels, each o f which is composed o f a pair o f semi
conductor capacitors.

• Computerized instrument control and data collection unit
The currently used data collection system is that o f a microprocessor computer with
the m anufacturer’s software package installed which is developed exclusively for the
particular ICP-OES. This software controls the spectrometer’s raw data storage. The
system must provide the ability to require data fast and effectively. The software usually
provides the capabilities to reprocess data, as well as do background and drift correction.
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In many cases the removal o f interferences are possible from the raw data. The
processing unit must also make it possible to calibrate, standardize and use the calibration
values to calculate the concentration o f the elements o f interest.

1.2.4.3 Interferences in ICP-OES
There are several sources o f possible error in the determination o f an analyte in
solution. The main contributors to this error can be categorized into classes, namely:
Matrix and spectral interferences. The matrix effects are divided into physical, chemical
and ionization interferences. The spectral interferences are associated with the
capabilities o f the spectrometer used.

• Matrix Effects
a. Physical interference
Changes in the acid concentration or dissolved solids content and sample solution
can lead to changes in the nebulization rate. This rate change is due to changes in the
density, viscosity and surface tension o f the solution. These effects can change the
droplet size, which can have an influence on the sensitivity o f the measurement.
Significant amounts o f sulphuric or phosphoric acid can suppress the analyte signal.
Some elements introduced in the plasma can have an effect on analyte lines with high
excitation potentials. These elements are mainly alkali elements.
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b. Chemical interference
Chemical interference occurs when a compound is formed that prevents quantitative
atomization o f the element. In ICP-OES, however, this is generally not important due to
the extreme conditions in the plasma.

c. Ionization interference
This interference causes a reduction in sensitivity, which depends on the following:
I. Temperature o f the plasm a
II. Ionization potential o f the element
III. Concentration o f the element.

d. Incomplete atomization interference [Olesik, 1991]
This matrix effect happens in flames and furnaces, and is particularly important for
refractory species such as oxides. It can be minimized by operating in a more inert
environment and at higher temperatures.

• Spectral overlap
Spectral overlap is one o f the biggest problems o f ICP-OES. This is a direct result
o f the high temperatures required to maximize the emission. As many species are injected
into the plasma, high levels o f interference can be expected. In the case o f m ajor elements
it is not that significant, but in the case o f trace or weakly emitting elements, the
wavelength is dependant on other spectral features near to that wavelength. There is an
average o f 294 lines emitted per element, and overall there are more than 100000
wavelengths. The abundance o f these lines can cause the following spectral line overlap:
Direct spectral and wing overlap.
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a. Direct overlap
Direct overlap occurs when two elements emit light at exactly the same wavelength.
An increase in resolution will not solve the problem. These lines would not be able to be
resolved.

b. Wing overlap
Wing overlap occurs through Doppler broadening, caused by the high temperatures
o f the plasma. This overlap can be rectified through the use o f a high-resolution
spectrometer. In other cases the selection o f an alternate analytical line will be necessary.
One example o f this type o f interference is the influence o f Ca (393.37 nm and 396.85
nm) on the analytical lines o f A1 (394.4 nm or 396.2 nm). Ca will severely affect the
analysis o f A1 in the mentioned example.

c. Continuum radiation
Throughout an ICP spectrum there is broad-band background beneath the line
radiation. This adds to the offset o f the signal measured. The continuum originates form a
number o f sources. These sources include: Electrons, argon gas and matrix species (both
atomic and molecular). The operating parameters o f the instrument also play role in the
profile o f the continuum and several levels o f overlap can occur. Small changes in the
argon gas flow can alter the background radiation considerably. This effect can be
removed mathematically by using blanks, however it is often necessary to use a dynamic
background correction method to eliminate this problem.

d. Stray light
Stray light is radiation that reaches the detector unintentionally. This stray light can
have a number o f causes. One o f them is imperfections in the optical system and to a
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greater extent, the grating. No optical system is perfect, but the manufacturers strive to
minimize this effect through better-designed spectrometers. The ruled gratings have
improved considerably, but the best grating to use in the spectrometer, to minimize the
stray light effect, is a holographic grating spectrometer. Another cause o f stray light are
elements that have very intense emission lines (mainly alkaline earth elements). The light
enters the spectrometer and in some cases can interfere with spectral lines o f the analyte
many band-passes away (“far-scatter”). There are a number o f ways to try and minimize
this problem such as the use o f solar blind PMTs, which will not respond to radiation
above 350 nm. The use o f double monochromators and correction coefficients can also
help to solve this problem..

e. Spectral lines and molecular bands from discharge atmosphere
I. Argon spectrum (Plasma gas)
Argon gas produces 294 lines in the region between 317 and 877 nm but there are no
bright argon lines between 200 and 300 nm. The most intense lines are in the region of
420-440 nm and can play a role when analyzing for elements emitting in this region.
II. Hydrogen and oxygen spectra
The hydrogen and oxygen lines originate from atomic hydrogen and oxygen formed
by the dissociation o f water molecules. The hydrogen 397.07 nm line interferes with the
Ca 396.85 nm line. Atomic oxygen lines interfere in the region o f 436 and 845 nm.
III. Carbon and silicon spectra
The carbon lines that can play a role in the spectrum are the C 193.091, 199.362 and
247.856 nm lines. The carbon originates mainly from trace amounts o f organic
compounds in the compressed argon cylinders. The silicon lines are commonly found due
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to erosion o f silica torches, etching o f glass spray chambers by hydrofluoric acid and/or
solvent blanks. To eliminate these interferences silicon-free materials must be used in the
analysis method.
IV. M olecular bands: OH, NO, N 2 + and NH
Hydroxyl (OH) radicals resulting from the dissociation o f w ater em it spectra in the
281 to 295 nm and 306 to 325 nm regions. The NO bands are most prominent at 195 to
300 nm and the N 2 +from about 329-590 nm. The N H band at 336 and 337 nm are rather
strong. Bands o f molecules containing nitrogen can be eliminated by the use o f extended
torches. These are specially applied to measure the nitrogen concentration using the
atomic nitrogen lines.
V. Absorption bands o f O 2
In the air-path spectrometers the absorption 0 2 o f is a m ajor problem. The 0 2 band
produces a background below 200 nm. The use o f a vacuum system or purged nitrogen
system will eliminate this background effect.

2.2.4.4 Calculation of instrument detection limit [GLIER SOP]
The instrument detection limit (IDL) is the most accurate way o f assessing
instrument detection capability. It is defined as three times the standard deviation o f the
calibration blank (C-Blk) run at each cycle. The average o f 3 standard deviations o f three
replicate instrument readings are taken, the equation is as shown.
IDL = 3 x Average (C-BlkS.D .l, C-BlkS.D.2, C-BlkS.D.3)
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2.2.5 ICP-MS determination
Inductively coupled plasm a mass spectrometry (ICP-MS) is a significant technique
with the capability to analyze trace elements at very low detection limits (ppb). Since
standard ICP-MS requires the introduction o f samples as a solution, solid samples must
be dissolved in acids to be introduced into the ICP mass spectrometer. A sample is
introduced as a fine aerosol that is ionized as it travels through the high temperature
(8000 K) ICP plasm a described in the ICP-OES section.
Pore w ater samples were dilute by a factor 10 using an Internal Standard Solution
consisting o f 1% HNO 3 and containing Be, In, T1 as internal standards. The ICP-MS
utilized was a Thermo Elemental X7. The following elements were part o f a typical ICPMS run: Mn, Fe, Si, S, Na, Mg, Al, K, Ca, REE, V, Zn, Ni, and Cr. Calibration was
undertaken by analysis o f a series o f certified mixed element standards which also
contained the three internal standards for drift and matrix corrections.

2.2.5.1 Instrumentation [Calderon, 2005; Date 1989; Jarvis 2001]
• The Ion Focusing System
The ion focusing system, also known as the ion optics, is located between the
skimmer cone and the mass analyzer. This system consists of one or more
electrostatically controlled lenses. These are not traditional lenses but are made o f
metallic plates, barrels, or cylinders that have an applied voltage.
The role o f the ion optics is to transport the maximum number o f analyte ions from
the interface region to the analyzer, while rejecting the matrix components, neutral
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species and electrons. The sample is transported from the ion optics into the mass
analyzer as a positively charged ion beam.

• The Mass Analyzer
The mass analyzer is located between the ion optics and the detector and is kept at a
-6

vacuum o f 10 Torr with a second turbomolecular pump. This is the device o f the ICP
mass spectrometer that separates the ions o f interest, according to their mass/charge ratio,
from all other nonanalyte, matrix, solvent and argon-based ions.
There are four kinds o f commercial mass analyzer: quadrupole mass filters, doublefocusing magnetic-sector, time-of-flight, and collision-reaction cell technology. O f these,
the quadrupole mass analyzer is the most commonly used in ICP-MS. It consists o f four
cylindrical or hyperbolic metallic rods o f the same length and diameter. By placing a
direct current (dc) field on one pair o f the rods and a radio frequency (rf) field on the
opposite pair, ions o f a selected mass are allowed to pass through the middle o f the four
rods to the detector where they are converted to an electrical pulse. The other ions are
ejected from the quadrupole. This scanning process is then repeated for another ion o f
different mass/charge ratio until all the analytes in a multielement analysis have been
measured.

• The Ion detectors
The detector converts the ions emerging from the mass analyzer into electrical
pulses, which are then counted by its integrated measurement circuit. The magnitude o f
the electrical pulses corresponds to the number o f analyte ions present in the sample.
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Trace element quantification o f an unknown sample is then carried out by comparing the
ion signal with known calibration or reference standards.

2.2.5.2 Analytical problems [Calderon, 2005]
The main problems that can influence the quality o f the ICP-MS analyses include
interferences, drift, memory and background. They are often interrelated and can occur as
a result o f operating conditions, or due to spectral interferences.

• Interferences
Interferences in ICP-MS can be divided broadly in two categories: a) spectral
interferences in which overlapping mass peaks add to the analyte signal. These are the
most serious interferences in ICP-MS, and b) Non-spectral interferences or matrix effects
due to changes in signal intensity not related to the presence o f a spectral component.
High concentrations o f some components in the solvent, reagents and sample can
suppress or enhance the signal intensity.

a. Spectral interference
I.

Polyatomic ions interference: This is the most common type o f interference, which

is produced by the combination o f two or more atomic ions. These species are formed in
the plasm a from reactions among ions forming the plasma (argon), the matrix
components in the solvent and sample, analyte elements, and entrained oxygen, nitrogen
and other gases from the surrounding air. The elements prone to form these interfering
species are the most abundant ions present, such as Ar, O, N, C and H.
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II. Refractory oxide ions: These species occur when elements in the sample combine
with 'H ,

16

0 , ^ O ’H either from w ater or air to form molecular hydride, oxide and

hydroxide ions. Interferences occur as the result o f an incomplete dissociation o f the
sample matrix or from reactions in the cooler zone o f the plasma immediately before the
interface. Elements contributing with this type o f interference include Al, Ba, Mo, P,
REE, Si, Ti, Zr, and Hf. Light REE (LREE) form oxides interfering with heavy REE
(HREE).
III. Doubly charged ions: M ost o f the ions formed in the plasm a are singly charged
(M+) but some elements such as B a and the REE produce a small proportion o f M2+ ions.
These ions may interfere with singly charged analyte isotopes that have the same
mass/charge ratio (m/z) but h alf o f their mass number.
IV. Isobaric interferences: This interference is caused by an isobaric isotope o f
another element in the sample, contributing to the analyte signal.

b. Matrix effects
This is a type o f interference in which the sensitivity (counts per second) o f the
analyte can be suppressed or enhanced by concentration o f the other elements present in
the solvent or sample (the matrix). This group o f interferences can be divided into two
categories: a) physical effects resulting from the dissolved or undissolved solids present
in a solution; and b) analyte suppression or enhancement.
I.

Dissolved solid effects: For nebulization, samples must be free o f particles that

can cause physical blockage to the nebulizer. High levels o f dissolved solids can be
deposited in the sampling cone orifice causing severe signal drifts, usually loss in
sensitivity, over short periods o f time and a reduction in precision. Elements that form
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refractory oxides (Al, Si, Zr) are prone to buildup in the sampler cone orifice. Those
elements must be kept at concentrations much below 0 . 1 - 0 . 2 wt% and the total amount o f
less refractory elements much below

1 -2

wt% to avoid blockage o f the interface region.

Residual organic matter can be deposited on the nebulizer, spray chamber, and torch
walls leading to memory effects. A t high levels o f organic content, carbon can destabilize
and extinguish the plasm a torch as it is deposited as carbon in the sampler cone.
II.

Suppression and enhancement effects: High concentrations o f certain elements

suppress or enhance the analyte signal. Instrument parameters such as RF power, plasma
gas flow, and ion lens settings affect non-spectral interferences. In general, lighter masses
are more suppressed than heavier masses, and for a given analyte, a heavier matrix
element causes more suppression than a lighter one. Nearly all matrix elements will cause
some degree o f signal suppression or enhancement if they are present at a high enough
concentration. These effects depend more upon the absolute concentration o f the matrix
element rather than the relative concentration o f matrix and analyte. One o f the most
problematic matrix elements is sodium. Suppression o f the analyte signal increases with
increasing sodium concentrations. To solve this problem, samples (particularly sea water)
should always be diluted to reduce the level o f N a to less than about 1%, prior to the
analyses. Higher concentration o f acids can also result in severe suppression o f the
analyte signal.

c. Drift, memory, and blank effects
Drift is the gradual change o f the instrument sensitivity with time for a given
analyte. Drift often occurs as a loss in sensitivity with time, though increases can occur at
the beginning o f a run.
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Memory effects are caused by previous sample material either remaining in the
tubing, nebulizer, spray chamber and torch, or being deposited on and later eroded from
the sampler and skimmer cones. These effects generally enhance the analyte signal.
Blank problems (background) can arise due to contamination with reagents and the
environment.

2.2.5.3 Data acquisition [Calderon, 2005]
To obtain quality ICP-MS data it is necessary to deal with several considerations:
preliminary semiquantitative analysis o f the samples, assessment o f potential spectral
overlaps, examination o f possible matrix effects, selection o f optimal instrument settings
and methodologies to minimize spectral interferences and matrix effects, as well as the
selection o f a robust calibration methodology.

a. Calibration techniques
Three important types o f calibration are available for chemical analyses:
I. External calibration: This calibration method compares the signal intensity o f a
standard solution containing a known amount o f an element to the intensity in the
unknown sample solution. With this method drift correction can be performed but matrix
effects cannot be corrected.
II. Internal standardization: This method is used to correct for changes in analyte
sensitivity caused by variations in the concentration and type o f matrix components found
in the sample as well as correcting for sensitivity drift with time. The internal standard is
a nonanalyte isotope that is added to the blank solution, standards and samples before the
analyses. It is typical to add three or more internal standards in the unknown sample to

28

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

cover the mass range o f the analyte elements o f interest. Elements included in the internal
standard are not present in significant amounts in the sample. Concentration in the
unknown samples is then calculated by comparing the intensity values o f the internal
standard in the unknown sample to those in the calibration standards. Calibration
standards represent a range in concentrations likely to be found in the unknown samples.
Bi, In and T1 are commonly used for internal standards.
III.

Standard addition: This calibration requires one measurement o f the unknown

and another measurement on a spiked split o f the unknown. The spike consists o f an
element or combination o f elements o f known concentrations. Drift is not corrected but
any matrix effect is corrected to a high degree o f accuracy.

b. Data processing
The ICP mass spectrometer detects the analytes as they hit the dynodes producing
electric pulses. The number o f counts o f these electric pulses is proportional to the
element concentration. However, some corrections have to be done because spectral
interferences, sensitivity drift, and background effects can affect analyte signals.
Mathematical corrections have been successfully used to compensate for these problems.

2.2.5A Instrument detection limit [Calderon, 2005]
For a 99% confidence level, instrument detection limit is typically defined as 3 times
o f standard deviation (SD) o f replicate measurements o f the sample blank. It can be
presented by the following equation:
3 x S.D. o f background signal
IDL = _____________________________________ x Analyte concentration
Analyte intensity- background signal
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ECC57
Figure 2.1: Bathymetry map of Lake Erie illustrating sampling sites (Modified from
www.ngdc.noaa.govl

Figure 2.2 Ekman designed box core
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Figure 2.3 Tools for sediment core sectioning
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Figure 2.6: ICP-OES schematic diagram [Botes, 2003]
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Table 2.1: Sample site location, and physical and chemical parameters
Site
Number
ECC28

Latitude

Longitude
79.3012W

Depth
m
35.1

T°C
Surface
16.34

T°C
Bottom
6.7

42.3716N

ECC57

42.2848N

79.5830W

60.5

16.6

4.5

Site
Number
ECC28

DO (mg/L)
Surface
1 0 .2 1

DO (mg/L)
Bottom
12.46

pH
Surface
8.37

pH
Bottom
7.98

Cond
Surface
309

Cond
Bottom
312

ECC57

11.59

13.2

8.34

8 .0 0

282

311
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Chapter 3: Pore Water Geochemistry of Heavy Metals
in Sediments from Eastern Lake Erie

3.1 Introduction
The release o f sediment-bound heavy metals can have a significant influence on lake
water quality. Variation in environmental conditions can mobilize heavy metals which
are concentrated in river sediment, allowing them to re-enter the overlying water
resulting in increased bioavailability. Both pH and redox potential in the sediment/water
system are significant parameters influencing the mobility o f metals. It can be expected
that changes between reducing and oxidizing conditions may increase or reduce the
mobility o f metals, for example, changing from reducing to oxidizing conditions can
increase the mobility o f Zn, Pb, Cu and Cd; on the contrary, the mobility is
characteristically lower for Mn and Fe under oxidizing conditions. It has been reported
that Fe and M n are two o f the most important elements in redox processes o f sediments.
This is not only due to their chemical reactivity, but also to their abundance in natural
sediments. Many researchers have suggested that Mn and Fe reduction in sediment play
crucial roles in the biogeochemical cycles o f many elements, including carbon, sulphur,
phosphorus and several trace metals [Burdige, 1993, Kostka et al., 1993].
During early diagenesis, the chemical, physical and microbiological changes that
occur in the upper few centimetres o f sediments, can influence mobilization o f trace
metals as well. Since the composition o f pore water is the most sensitive indicator o f the
types and the extent o f reactions that take place between chemicals on sediment particles
and the aqueous phase which contacts them, pore water metal concentrations and
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gradients enable us to estimate the fluxes o f metals from the sediments to the overlying
water and between the various layers within the sediments themselves.

3.2 Results and Discussion
3.2.1 pH and alkalinity profiles
Profiles o f pore water pH and alkalinity in the two sediment cores are shown in Fig.
3.1 and 3.2.
High pH values appear near the sediment surface in both cores. Individual pH values
remain steady around a value o f 8.0 before small breaks happen at depths o f 3.5cm for
ECC28 and 2.5cm for ECC57 where pH drops from 8.0 to 7.8 in both cores. The pH
values remain relatively stable over depths o f 3.5cm to 8.5cm for ECC28 and 2.5cm to
10.5cm for ECC57 before suddenly decreasing. Steadily lower pH values are found after
10.5cm and solution tends toward neutral (pH ^ 7 .2 ). Core ECC57 has increasing pH
after 23.5cm and reaches maximum at 26.5cm before droppings lower.
Alkalinity exhibits a completely reverse vertical profile to pH in both cores. ECC28
values sharply increase from 1.0, near the water-sediment interface, to 4.8mmol/L at 2.5
cm, then shows a slightly increasing trend in values For ECC57, alkalinity increases from
0cm to 15.5cm depth then slightly decreases after 22.5cm (where the small peak happens
in pH).
Generally, most sediment contains large concentrations o f calcium carbonate which can
provide a buffer system for the pH in sediment pore water and also influence the
concentration o f bicarbonate and carbonate ions. The influence o f pH on alkalinity can be
measured by the following model:

36

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

According to the definition o f alkalinity, alkalinity can be expressed by the
following equation [DiToro, 2001]:
[Alkalinity] = [H C 0 3 ] + 2 [C 0 32'] + [OH'] - [H+] (5.1)
In the pH range is typical o f the sediment pore waters, pH=7-8, and for large enough
alkalinity, [Alkalinity] > O.lmmol/L, the alkalinity is essentially all bicarbonate
[Alkalinity]

[H C 03‘] (5.2)

The deprotonation reaction for bicamonate which yields carbonate is
H C 0 3- ~ C 0 32' + H+ (5.3)
And the mass action equation is
K2 = [C 0 32'] [ H +] / [ H C 0 3'] (5.4)
Where K2 is the equilibrium constant for the deprotonation reaction for bicarbonate.
Replacing Using [H C 03"] by [Alkalinity]:
K2 = [C 0 32 ] [H+] / [Alkalinity] (5.5)
The equation that determinate the solubility o f calcium carbonate is
Ksi = [Ca2+] [C 0 32'] (5.6)
Where Ksi is the solubility product o f calcium carbonate. Replacing [C 0 32'] by [Ca2+],
the following equation can be obtained:
[Alkalinity] [Ca2+] = Ks , [H+] / K2 = KCaAik (5.7)
As a conditional constant, solubility constant, KcaAik is a function o f pH. The effect
o f decreasing pH, which increases [H+], increases the solubility constant.
According to the hydrolization reaction o f carbonate:
[C 0 32-] + [H20 ] <-> [H C 03 ] + [OH'] (5.8)
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W ith pH decreasing (pH.7), [OH'] reduces and the reaction prefers to move toward
right side, meantime [HCO 3 '] may increase. However, alkalinity is controlled by the
balance among concentration o f calcium, pH and alkalinity, the relationship between pH
and alkalinity sometimes cannot be determined without considering the concentration o f
calcium.

3.2.2 Eh profiles
Profiles o f pore w ater Eh in the two sediment cores are shown in Fig. 3.3.
For ECC28, Eh decreases between Ocm to 2.5cm; then Eh increases to a maximum
at a depth o f 5cm; Eh then decreases steadily before settling to stable values after 11.5cm.
For ECC57, Eh gradually declines till the depth o f 7cm; a small rebound appears
between 7cm to 9cm then Eh values descend sharply and stay at low levels after 10.5cm.

3.2.3 Nitrate, nitrite and sulphate profiles
Profiles o f pore water N O 2 ', NO3' and SO42' in the two sediment cores are shown in
Fig. 3.4 and 3.5.
Enrichment o f NO3' and SO42' are found near the surface. Their concentrations
decrease with depth. Since NO3' and SO42' are two o f the most important oxidants in
sediments, their decreasing concentrations with depth may contribute to the decreasing
Eh values as function o f depth.
As a reduced compound, NO 2 ’ shows low concentrations in the surface sediments
where high Eh values appear. Its concentration increases with decreasing Eh as function
o f depth.
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3.2.4 Manganese and iron profiles
Profiles o f dissolved pore water Mn and Fe in the two sediment cores are shown in
Fig. 3.6. For both cores, low concentrations o f dissolved Mn exist near the sedimentwater boundary because the sediments are oxidized and Mn oxides have low solubility;
an abrupt increase in soluble manganese appears immediately below the sediment surface
where a sharp decrease o f Eh values is found (For ECC28 0-2.5cm; for ECC57 0-3.5cm);
soluble manganese then increases gently as function o f depth; soluble Mn decreases in
ECC57 after a depth o f 20cm.
Pore w ater Fe concentrations remain low and constant above a depth o f 10.5cm then
sharply increase between 10.5cm to 20cm where Eh is at low levels.
Vertical profiles o f soluble Mn and Fe suggest that the upper 20 cm o f sediment can be
divided into three zones: 1) Mn oxidation (above the depth o f 2.5cm); 2) Mn reduction
(between 2.5cm and 10.5cm); and 3) Fe reduction (after 10.5cm).

3.2.5 Mobility of trace metals
Cadmium (Fig 3.6): dissolved Cd sharply decreases in concentration from the
surface over the first few cm depth. Below 2-5 cm depth, dissolved cadmium
concentrations remain constant at low levels and is non detectable at some depths. The
depth profiles o f soluble cadmium indicate a complex set o f responses during diagenesis
which contrasts with the relatively simpler redox reactions o f Mn and Fe. The high
dissolution taking place in the uppermost zone o f the sediment is accompanied by the
large Eh value in the top sediment layers. Cd may have high mobility in near surface
oxidizing conditions because the formation o f Cd sulphide may be restricted. The
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coincident decrease in pore w ater Cd concentrations with decreasing sulphate also
suggests that the increase in dissolved Cd may be the result o f sulphide oxidation [Song
et al 2005]. Another possible explanation relates to high contents o f organic matter and
the only 1mm penetration o f oxygen. An oxygen dependent dissolution reaction might be
taking place such as the aerobic degradation o f the organic matter to which the Cd is
initially bound, followed by the migration o f the dissolved Cd upward into overlying
water or downward into the sediment (Gobeil et al. 1987). The irregular Cd profiles
below 2-5.0cm may be related to redissolution o f an initially precipitated solid Cd phase.
Although dissolved sulphur profiles are similar to those o f Cd, it is not clear whether this
redissolution is controlled by soluble sulphide, because we can not determine out how
much dissolved sulphide is present in the pore water.
Cobalt (Fig. 3.7): the similar geochemical behaviour for Co and Mn is well-known.
They are believed to have similar oxidation mechanisms (Moffet and Ho, 1996). Fig. 3.5
shows the profiles o f pore water Co (and Fe and Mn). General similarities exist for the
profiles o f pore w ater Co and Mn, especially the spikes in pore w ater Co concentrations
within a zone o f Mn reduction which suggest that Co may be incorporated in Mn
oxyhydroxides and released as they are reductively dissolved.
Nickel (Fig. 3.8): Profiles o f pore water N i are presented in Fig. 3.6. Discrete spikes
appear within the zone o f Mn reduction and may be the result o f microenvironments that
develop around local enrichments in organic matter. The similarity between dissolved
profiles o f pore water Co and Ni may suggest that Ni is also released during the reductive
dissolution o f Mn oxides.
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3.3 Conclusion
M obility o f trace metals in sediments can be influenced by both pH and Eh. Since
pH o f our cores only varies over a narrow range (7.0 to 8.0), it does not contribute
significantly to the mobility o f metals such as Mn, Fe. The profiles o f pore w ater Eh data
indicate that a strong oxidizing environment exists around sediment-water boundary, with
increasing d e p th , Eh decreases and a reduction zone appears. Profiles o f pore water
sulphate reveals that sulphur is reduced as a function o f depth. According to the vertical
profiles o f dissolved Mn and Fe, the upper 20 cm o f sediment can be divided into three
zones: 1) M n oxidation; 2) Mn reduction; and 3) Fe reduction. Reduction o f manganese,
iron and sulfur may affect the mobility o f trace metals differently. Cd has a high
availability in the oxidizing environment which is the reverse o f Mn. Behaviour o f Ni and
Co in the Mn zone area may suggest that their mobility depends on the reduction o f Mn.
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Figure 3.1 Profiles of pore water pH (o ECC28 • ECC57)
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Figure 3.2 Profiles of pore water alkalinity (o ECC28 • ECC57)
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Figure 3.5 Profile of pore water SO42"(O ECC28 • ECC57)
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Chapter 4: Comparison of Different Selective
Extractions by ICP-OES Analysis
4.1 Introduction
The easiest and the most often used approach to evaluate heavy-metal mobility in
sediments is laboratory extraction experiments. These experiments are designed to assess
heavy-metal speciation, which controls heavy-metal mobility.
I f the background or geochemical composition is known, the total metal
concentration in sediments may provide important information about pollution levels.
However, when analyzing the possible mobility o f heavy metals in sediments and the
environmental impact o f contaminated sediments, the analysis o f the total heavy metal
content is insufficient. The chemical form which the metal is in can affect its behaviour
and hence mobility and bioavailability within the environment (Hickey and Kittrick,
1984: Ajayi and VanLoon, 1989; Jardao and Nickless, 1989; Wallman et al., 1993, SteadDexter, 2004). In order to ascertain the mobility and bioavailability o f these heavy metals
in sediment, various chemical extractions have been used to assess the
mobility/availability o f heavy metals in sediment samples, involving both single
extractions (Loring and Rantala, 1992; Tack and Verloo, 1996; Dassenakis et al., 2003)
and sequential extractions (Tessier et al., 1979; Kersten and Forstner, 1986; Ure et al.,
1993; Filgueiras et al., 2002). For single extractions, the methods commonly used are: (1)
Total digestion; (2) strong acid digestion, and (3) moderate or weak acid extractions
[Loring et al., 1992].
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Five single extractions including partial and total digestion have been investigated in
this project. Compared with sequential extraction techniques based initially on Tessier et
al. (1979), the use o f single extractions enables information about extractable metal
content to be obtained more simply than by sequential extraction, at the expense o f using
larger amounts o f sample [Filgueiras et al., 2002].

4.2 Methodology of Solid Phase Analysis
4.2.1 Freeze-drying
W et sediment samples were put in wide-mouth plastic beakers. The mouths o f the
beakers were sealed by Kimwipe and elastic bands. Beakers were then set up in a Freezedryer (ThernoSavant M odulyoD-115) and were freeze-dried at -40°C. Samples were
weighed before and after freeze-drying. These data were used to calculate the moisture o f
sediments.

4.2.2 Organic matter determination
The method is cited from Standard Operating Procedure - GLIER M etals Lab. 1.0 g
o f freeze dried sediment sample was weighted into a 15 ml glass beaker and muffled at
450°C for 24 hours. The total organic content was determined using the following
formula:
Organic content (%) = [(B-C)/B] x 100
Where: B = weight o f dry sediment before muffling (g)
C = weight o f dry sediment after muffling (g)
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4.2.3 Total digestion (HN03/HF/HCl/0xalic)
In the total decomposition method, hydrofluoric acid is used in combinations with a
concentrated oxidizing acid such as nitric acid and aqua regia to release the total metal
concentrations o f sediments [Rantala etal., 1989; Loring et al., 1992]. Hydrofluoric is
necessary in this digestion because it is the only acid which completely dissolves the
silicate lattices and releases all the associated metals such as Al and Fe [Loring et al.,
1988; Loring et al., 1992]. With the hydrofluoric treatment, accuracy can be assessed by
analyzing reference materials certified for total metal content [Loring et al., 1992].
Generally, the reference materials are certified for total metal contents only. Therefore,
they can only be used as an accuracy check o f the metal concentrations determined in a
solution obtained from HF dissolution o f the sample [Loring et al., 1992]. In the method
o f this project [GLIER SOP], hydrofluoric acid, nitric acid and aqua regia were used to
release the total metal content from sediments into solution in sealed Teflon bombs. The
advantages o f Teflon bomb digestion are: (1) to digest samples rapidly; (2) to reduce risk
o f contamination; (3) to require small volume o f acid [Loring et al., 1992].
a. R eagents:
50% non boiling distilled nitric acid, 50% non boiling distilled hydrofluoric acid,
50% (v/v) non boiling distilled hydrochloric acid, 0.2N oxalic acid, ultra pure water

b. Equipment:
Hotplate, 30ml screw top Teflon digestion bomb (washed by 10% nitric acid and
rinsed by M Q water)
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c. Procedure:
In the laboratory, approximate 0.1 g o f dry sediment was weighed into a 30 ml
Teflon digestion bomb, then 2 ml 50% HF and 2 ml 50% HNO 3 were added in. Tube cap
was loosened to allow any gases to evolve. The cap was closed tightly after 10 minutes.
The solution was placed on the hot plate at 100-150°C for 3 days. The solution in the
digestion bomb was then evaporated to dryness after 3 days, then 4ml aqua regia (3:1
H C 1: HNO 3 ) was added. The digestion bomb was closed tightly and heated at 100-150°C
overnight. The solution in bomb was evaporated to dryness the next day, then 2 ml 50%
HF and 2 ml 50% HNO 3 were added. The bomb was closed tightly and heated on hot
plate at 100-150°C for an additional 3 days. The solutions in digestion bomb were
evaporated to dryness after 3 days, then 4ml 50% HNO 3 was added in, then evaporated to
dryness. The residue was reconstituted in mixed 1 %HN 0 3 , 0.2Noxalic. The solution was
diluted to approximate 50ml with 1% HNO 3 and accurately weighed. This solution could
be used directly for ICP-OES analysis. For ICP-MS analysis, the solutions were further
diluted 100 times with the internal standard solution (Be, In, Tl).

4. 2.4 Acetic acid extraction
Generally, the proportion o f the total metal concentration removed by this extraction
is operationally defined as the non-detrital acid soluble metal fraction o f the sediment
[Loring et al., 1992]. The proportion o f a metal remaining in the residual fraction is
operally defined as the detrital acid insoluble fraction o f the material [Loring et al., 1992].
M easurement o f total sediment or particulate metal concentrations is a poor method
o f determining the source and pathways by which the major and trace metals have
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entered the aquatic environment [Loring et al., 1992]. Selective chemical methods have
been developed and used to partition the total metal concentrations into their loosely
bound (non-detrital) and residual (detrital) phases. As one o f the weakest acids, acetic
acid has been widely used as either single selective extraction or a step o f sequential
extraction. Dilute acetic acid can be used to separate detrital and non-detrital fractions
from carbonate rocks [Chester et al., 1967]. The acetic acid extraction has been chosen
to remove effectively the weakly bound part o f the total metal concentrations from
sediments without releasing elements from structural positions or those strongly complex
with organic m atter [Loring, 1978; Loring et al., 1988; Loring et al., 1992]. This method
removes metals held in ion exchange positions, easily soluble amorphous compounds o f
iron and manganese, carbonates and those metals weakly held in organic m atter [Loring
et al., 1992]. It leaves the silicate lattices intact and does not disturb the resistant iron and
manganese minerals or organic compounds. The method used in this project is cited from
Standard Operating Procedure - GLIER Metals Lab [GLIER SOP].

a. Reagent:
5% acetic acid (aristar grade), Dilution water (Ultra-pure water)

b. Equipment:
50ml centrifuge tube (Washed by 13% nitric acid and rinsed by distilled water),
shaker

c. Procedure:
In the laboratory, approximate 0.5 g o f dry sediment was weighed into a 50ml
centrifuge tube, then 20 ml o f 5% acetic acid were added in. Tube cap was loosen to
allow any gases to evolve. The cap was closed tightly after 10 minutes. The solution was
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shaken on at room temperature for 24 hour. After 24 hours, the solution was centrifuged
at 5000 R.P.M. for 10 minutes, then filtered by filter paper. The solution was diluted to
approximate 50ml by ultra pure water. This solution could be used directly for ICP-OES
analysis. For ICP-MS analysis, the solutions were further diluted 50 times by internal
standard solution (Be, In, Tl).

4.2.5 Nitric acid / Oxalic acid extraction
The method belongs to strong acid digestion. Strong acid digestion is probably the
most commonly used decomposition technique for the determination o f heavy metal
concentrations o f soil and sediment due to low cost, readily available inorganic acids and
the low salt content o f the digested solutions [Wong et al., 2003]. In general, strong acid
digestion requires the use o f concentrated inorganic acids to decompose and dissolute the
soil or sediment matrix into a solution form in conjunctions with high temperatures and,
sometimes, high pressure [Wong et al., 2003]. The strong acid digestions without HF
result in incomplete digestions because silicates and other resistant phases are not
dissolved [Loring et al., 1992]. The method in this project is cited from Standard
Operating Procedure - GLIER Metals Lab [GLIER SOP].
a. R eagent:
50% no-boiling distilled nitric acid, 0.2N Oxalic Acid, Dilution water (Ultra pure
water)
b. E qu ip m en t:
Hotplate, 30ml screw top Teflon digestion bomb (washed by 13% nitric acid and
rinsed by distilled water)
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c. Procedure
In the laboratory, approximate 0.1 g o f dry sediment was weighed into 30ml Teflon
digestion bomb, then 2 ml 50% HNO 3 were added in. Tube cap was loosen to allow any
gases to evolve. The cap was closed tightly after 10 minutes. The solution was placed on
the hot plate at 100°C for 4 hours. The solution in digestion bomb was evaporated down
at 70°C overnight, then 5ml 1% HNO 3 and 1ml 0.2N oxalic were added in. The solution
was centrifuged at 5000 R.P.M. for 10 minutes, and then filtered by filter paper. The
solution was diluted to approximate lOOg by 1% HNO 3 and accurately weighed. This
solution could be used directly for ICP-OES analysis. For ICP-MS analysis, the solutions
were further diluted 100 times by internal standard solution (Be, In, Tl).

4.2.6 Ascorbic acid extraction
This technique is one o f the extractions which involve the use o f reducing agents.
Arrhenius and Korkish (1959) indicated that ferro-manganese nodules contain a
reduceable fraction, consisting o f the oxides o f manganese, which can be separated using
a reducing agent [Chester et al., 1967]. Experiments show that a buffered ascorbate
solution used in conjunction with citrate ion (as a chelator) can rapidly dissolve freshly
precipitated iron oxides (ferrihydrite) while not significantly dissolving crystalline or
resistant iron oxides or iron monosulfides [Ferdelman et al., 1991]. Although it is
calibrated for iron phases [Kostka et al., 1994], and much less for Mn phases [Chester et
al., 1967], it can be applied to both Mn and Fe [Van der Zee et al., 2004]. For Mn oxides
analysis, the ascorbic acid dissolution is used to quantify the Mn oxide reactivity, because
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it combines proton-assisted and reductive dissolution [Van der Zee, 2004]. The extraction
used in this project is cited from Ferdelm an’s method [Kostka et al., 1994].
a. R eagent:
Extraction reagent: 50g sodium citrate and 50g sodium Bicarbonate were added to
10 0 0

ml o f ultra pure water; this mixture was deaerated with nitrogen, and then

2 0

g

ascorbic acid was added into the solution in anaerobic chamber (For final pH o f 8.0)
Dilution w ater (Ultra pure water)
b. E q u ip m en t
50ml centrifuge tube (Washed by 13% nitric acid and rinsed by distilled water),
shaker, anaerobic chamber
c. P ro ced u re
In an anaerobic chamber, approximate 0.25 g o f wet sediment was weighed into
50ml centrifuge tube, then 10 ml o f extraction reagent were added in. The tube cap was
loosen to allow any gases to evolve. The cap was closed tightly after 10 minutes. The
solution was shaken at room temperature for 24 hour. After 24 hours, the solution was
centrifuged at 5000 R.P.M. for 10 minutes, then filtered by filter paper in the anaerobic
chamber. The solution was diluted to approximate 50ml by 1% 1% HNO 3 . This solution
could be used directly for ICP-OES analysis. For ICP-MS analysis, the solutions were
further diluted 50 times by internal standard solution (Be, In, Tl).

4.2.7 Sodium dithionite extraction
This technique is one o f the extractions which involve the use o f reducing agents.
Sodium dithionite is a strong reducing extraction reagent, which is widely used for
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extracting total contentsof iron and manganese oxides [Postma, 1993; Raiswell et al.,
1994; Dong et al., 2000]. It has been concluded that dithionite quantitatively extracts the
iron oxide/oxyhydroxide phases with only relatively small amounts extracted from iron
silicates [Canfield, 1989; Raiswell et al., 1994; Raiswell et al., 1996]. The technique used
in this project is cited from Canfield’s method [Kcstka et al., 1994].
a. R eag en t:
Extraction reagent: 1000ml o f 0.35M sodium acetate / 0.2M sodium citrate was
deaerated w ith nitrogen, and then 50g sodium dithionite was added into the solution in
anaerobic cham ber (For final pH o f 4.8)
Dilution water (Ultra pure water)
b. E q u ip m en t
50ml centrifuge tube (Washed by 13% nitric acid and rinsed by distilled water),
shaker, anaerobic chamber, w ater bath
c. P ro ced u re
In an anaerobic chamber, approximate 0.25 g o f wet sediment was weighed into a
50ml centrifuge tube, then 10 ml o f extraction reagent were added in. Tube cap was
loosen to allow any gases to evolve. The cap was closed tightly after 10 minutes. The
solution was shaken in a water bath at 60°C for 4 hours. After 4 hours, the solution was
centrifuged at 5000 R.P.M. for 10 minutes, then filtered by filter paper in an anaerobic
chamber. The solution was diluted to approximate 50ml by 1% 1% HNO3. This solution
could be used directly for ICP-OES analysis. For ICP-MS analysis, the solutions were
further diluted 50 times by internal standard solution (Be, In, Tl).
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4.3 Instrumentation
A nalyses were carried out by an Inductively Coupled Plasma - Optical Emission
Spectrometry (ICP-OES) (IRIS#701776, Thermo Jarrell Ash Corporation). The
instrumental parameters used for the analyzed elements are shown in Table 4.1.

4.4 Results and Discussion
. The results o f partial and total metal concentration in sediments o f ECC28 and
ECC57 at 0 -3 0 cm depths are presented in Figures 4.1 to 4.9.

4.4.1 Total metal concentrations in sediments
The accuracy o f the analytical procedures and the quality o f data for total metal
determination were checked with a reference material, Mess-3, a marine sediment
reference material for trace metals and other constituents, National Research Council
Canada. The total metal concentrations o f Zn, Cr, Ni, Cu, Fe, V and Mn in Mess-3 and
the certified reference values are presented in Table 4.2. The duplication o f extraction
results are presented in Table 4.3.
It is evident from the data o f Table 4.2 that the concentrations o f heavy metals
determined in the standard reference material Mess-3 generally agreed with certified
values. Some o f the profiles show significant high metal concentrations at the very top.
Since these samples were collected near the boundary between w ater and sediment where
the richness o f suspended particulate matter (SPM) exists, this significance may due to
SPM involvement. The similarity o f Mn and Co profiles (Fig. 4.10) may provide further
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indication that releasing o f Co to pore water may be affected by the reductive dissolution
o f Mn.

4.4.2

Comparison of total and nitric acid/oxalic soluble metal

concentrations in sediments
Nitric acid can dissolve metals held at ion-exchange positions, compounds o f iron
and manganese, carbonates, and metals bound to organic matter; oxalic acid is an
efficient reagent for the digestion o f crystalline oxides. Nitric acid/oxalic acid extraction,
therefore efficiently removes most bound fractions o f heavy metal in solid phases except
from stable crystalline lattice. For many metals, this method may be considered as a
pseudo total heavy metal fraction while there are not significant quantities o f resistant
crystalline materials in the sediments.
In order to estimate the efficiency o f nitric acid/oxalic digestion, a comparison o f
data was made with total metal concentrations (Fig 4.11 to 4.12). The efficiency o f
leaching for Fe ranged from 65-100% , Mn from 60-100%, Cu from 50-100% and Cr
from 40-75% . Successful leaching o f sediments is achieved for Fe, Mn and Cu (in
general from 90-100% ) at some depths, but a significantly lower efficiency o f leaching is
found for Ni (6-20% ) and Zn (15-50%). For ECC57, the efficiency o f leaching for Mn
ranged from 60-100% , Zn from 60-100%, Ni from 50-80%, Cr from 40-75% , Fe from
50-75%, Cu from 50-80%. Successful leaching o f sediments is also achieved for Mn and
Zn (in general from 90-100% ) at some depths. For the elements which could not be
dissolved in nitric acid /oxalic acid, they are probably bound to silicates or other
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refractory materials which cannot be dissolved without hydrofluoric and aqua regia
treatment.
Residual heavy metal concentrations are calculated by total extraction minus
nitric acid/oxalic acid extraction. The residual concentration o f Fe demonstrates some
correlation with Mn and Ni as presented in Figure 4.19 (For ECC28: R (Fe-Mn) =0.89, R
(Fe-Ni) = 0.94, R (Mn-Ni) =0.85; for ECC57: R (Fe-Mn) =0.78, R (Fe-Ni) = 0.65, R
(Mn-Ni) = 0.71). The relationship among these elements suggests that they are associated
with similar resistant phases.
It can be concluded that the proportion o f metals dissolved is variable and that it
depends on the matrix and on the element analyzed. Since the nitric acid/oxalic acid
digestion seriously underestimates the amounts o f some metals in sediments, it is not an
appropriate method for total metal content determinations in sediments such as ECC28
and ECC57, but it could be considered as one o f the step sequential methods to determine
the fraction o f metal bound to both Fe and Mn oxides and organic matter.
Cd has particularly interesting spatial distributions. Generally, dissolution o f Cd can
be increased in oxidizing environment. The sharp increase in the concentration o f solid
phase Cd at the base o f surface layer where a strong oxidizing zone exists has been found
in both cores (Fig. 4.1). It is accompanied by decreasing concentrations o f pore w ater Cd,
and may be caused by the downward migration and precipitation o f the Cd released from
the oxidizing zone. This migration and precipitation may cause the accumulation o f Cd in
deeper sediments. In ECC57, however, decreasing o f H N 03/oxalic determined Cd
happens after the sharp increase then remains depleting with depth. Since no total
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extractable data are available for Cd, the leaching rate o f H N 03/oxalic can not be
calculated for Cd.

4.4.3 Acetic acid extractable metal concentrations in sediments
Acetic acid extraction (5% v/v) efficiently removes from particulate matter, the
weakly bound fraction o f heavy metals held at ion-exchange positions, easily soluble
amorphous compounds o f iron and manganese, calcium carbonates, and metals weakly
bound to organic m atter (Scancar et al 2000). The extractant does not disturb silicate
lattices, resistant iron and manganese minerals, or organic compounds. The method is
used to estimate the extent o f contamination with heavy metals originating from
anthropogenic activities (Loring and Rantala, 1992; Scancar et al 2000). Leaching rates
o f acetic acid extraction calculated by divide total soluble data (Fig 4.13 to
4.14)indicates that about 1% o f Cr, 5% o f Fe, 10% o fN i and Zn, 25-35% o f Cu, 40-60%
o fM n in ECC57, 3% o f Cr, 5-10% o f Fe, 10-20% o f Ni, 20-30% o f Zn, 30-40% o f Cu
and 40-70% o f M n in ECC28 are soluble in 5% v/v acetic acid. Comparing the
partitioning o f heavy metal between ECC28 and ECC57 exhibit that a high level o f acetic
acid leaching o f Cr, Cu, Fe, Mn, Ni, Zn appears in ECC28.
Some data for Cu and Zn may indicate a high level (about 30-40%) o f anthropogenic
pathways by which these elements entered sediments. For Ni the anthropogenic portion
is in general lower than 20%. Ni soluble in acetic acid also shows a strong relationship
with Fe as seen in Figure 4.20 (ECC28: R=0.82; ECC57: R=0.81). It should be stressed
that a high proportion (only 1-3%) o f the total amount o f Cr in sediments from both
ECC28 and ECC57, is not extracted. This may happen since Cr in these sites is bound
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predominately in silicates and in crystalline iron and manganese oxides and 5% v/v acetic
acid does not dissolve these compounds from sediments.
All acetic acid extractable data show a slight increase as a function o f depth and
increasing alkalinity, this may reflect the metals which are bound to carbonate. M ost
elements have peak concentrations around the depth o f 10-15cm for ECC28 and 25cm for
ECC57. Combined with sedimentation rate (2000g m ' 2 year' 1 which equates to a
thickness o f about 0.3 cm for ECC28, lOOOg m "2 year ' 1 for ECC57, Bolsenga and
H erdendorf 1993), the temporal variability indicates that these peaks reflect the
contamination rush in Lake Erie during 1950s to 1960s.

4.4.4 Ascorbic acid extractable metal concentrations in sediments
Ascorbic acid extraction is widely used for determination o f iron and Mn oxide.
Ascorbic acid extraction efficiently removes the most reactive iron oxide fraction
(amorphous oxide). [Kostka and Luther III, 1994, Ferdelman et al 1991]. The extractant
does not disturb silicate lattices, resistant iron and manganese minerals (crystalline
oxide), acid volatile sulfide, or organic compounds. The method is used to assess iron and
Mn oxide reactivity and crystallinity from dissolution rates. It is one o f the most
promising approaches for reactive fraction measurements (Christensen et al 2000).
The results for partitioning o f heavy metals soluble in ascorbic acid in sediments
o f ECC28 are presented in Figure 4.15 and for sediments o f ECC57 in Figure 4.16. For
ECC28, 3-4% o f Cr, 6-10% o f Fe, 10% o f Ni, 5-10% Zn and 20-40% o f M n are soluble
in ascorbic acid; for ECC57, 3% o f Cr, 4-7% o f Fe, 5-10% o f Ni, 5% Zn and 15-40% o f
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volatile sulfide [Kostka and Luther III 1994, Raisewell et al 1994]. The method is used
widely to extract iron oxide from sediment samples. It can be employed to estimate the
“reducible” oxides (e.q. goethite, hematite) [Poulton and Canfield 2005]. The results for
partitioning o f heavy metals soluble in sodium dithionite-sodium citrate-sodium acetate
in sediments o f ECC28 are presented in Figure 4.17 and for sediments o f ECC57 in
Figure 4.18. It can be seen from these data that about 10-15% o f Cr, 20-30 o f Cu, 30-50%
o f Fe, N i and Zn, 70%-100% o f M n in ECC28 are extracted from the solid phases. For
E C C 5 7 ,10-15% o f Cr, 15-30% o f Cu, 20-35% o f Fe, Ni and Zn, 80%-100% o f Mn are
soluble in dithionite extraction.
Small leaching rate variations o f Cr, Mn, Cu are shown in different sites, however,
Fe, Ni, Zn show similar comparable large variations. Figure 4.21 presents the correlations
among these elements. The Fe fraction displays a strong covariance with the Ni fraction
in ECC28 (R=0.84) and ECC57 (R=0.88), as do Fe and Zn in ECC28 (R=0.91) and
ECC57 (R=0.73). This may suggest that Fe oxide strongly influences the distribution o f
Zn and Ni.
With ascorbic acid, 15-25% o f total Fe (amorphous Fe oxide, the most reactive Fe
oxide) was extracted and 20-40% o f the total Mn. This observation suggests Fe has a
stronger crystallinity than Mn. Because o f this, the mineralogy o f manganese oxides in
sediments are generally thought to be composed o f more amorphous materials, and are
often found as coating on inorganic (e.g., clays) or biogenic (e.g., siliceous tests)
sedimentary particles [Burdige 1993]. They are also usually found in close association
with sedimentary iron oxides. This association is shown in core o f ECC28 in which Fe
and Mn show a medium strong relationship (R=0.71).

63

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

70-100% o f the total Mn o f contents o f the two sediment cores is associated with
dithionite-soluble fraction (oxide phase), compared to only 20-50% for Fe. This
observation implies that Mn may be more readily released from silicate minerals during
weathering; this suggestion may be supported by the residual Mn contents after nitric
acid/oxalic acid treatment.
Specific geochemical phases, such as oxide phases, which affect the binding and/or
sorption o f elemental substances to the sediments, are measured to determine the
elemental mobility and availability. Fractions o f Fe and Mn oxides can be digested by
sodium dithionite extraction. Linear regressions have been calculated and plotted for the
relationship o f various elements to iron, aluminum, manganese and silicon and
combinations o f these independent variables (Table 4.4). One sample frequently
appearing as an outlier is from ECC57. The correlation coefficients indicate that Fe, Al
and Si are the dominant phases with which the elements listed in table are preferentially
associated. No significant correlation has been found between any element and organic
matter. The linear regression analysis o f the elements may be used as a tool with which to
assess the relative important o f various phases / variables which are relevant to the
problem o f metal availability at least to benthic-feeding organisms. [Lum and Gammon
1985],

4.4.6 Comparison of Mn pore water and sediment results
As mentioned in Chapter 3, vertical profiles o f soluble Mn and Fe suggest that the
upper 20 cm o f sediment can be divided into three zones: 1) Mn oxidation (above the
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depth o f 2.5cm); 2) Mn reduction (between 2.5cm and 10.5cm); and 3) Fe reduction
(after 10.5cm).
With these redox changes in the sediments, the reduction o f manganese and iron
oxides results in the production o f their reduced, and generally more soluble, forms
[Burdige, 1993]. The dissolved Mn and Fe formed by these reactions may precipitate out
o f the sediment pore waters as sulfide, carbonate or phosphate phases [Burdige, 1993].
However, these reduction reactions generally also lead to pore w ater gradients across the
redox boundary o f the reduced forms o f these metals. The resulting upward diffusion o f
these ions then leads to their re-oxidation and the formation o f new oxides [Burdige,
1993]. For manganese, the steady-state distribution o f dissolved M n should generate a
solid-phase peak ju st above the redox boundary [Burdige et al., 1983; Burdige, 1993;
Froelich et al., 1979]. These peaks are indeed displayed in both ECC28 and ECC57 in
total soluble fractions around the depth o f 2.5 cm where the boundaries o f the Mn
oxidation zone and reduction zone appear (Fig. 4.22). The vertical profiles o f ascorbic
soluble Mn support the modeling o f internal redox cycling. The dissolved Mn may
diffuse a short distance to pass from the Mn reduction zone to the w ater column and then
be re-oxidized. This re-oxidation may be one o f the reasons which produce the richness
o f ascorbic acid soluble Mn near the water-sediment boundary.

4.4.7 Precision of ICP-OES for different solid extraction
Data for the ascorbic acid and acetic acid extractions are expressed in ppm as mean
± standard deviation in Figure 4.23. Large standard deviations appear in analyses o f
ascorbic acid extractions. Comparing the coefficient o f variance (standard deviation

65

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

divided by mean) for acetic acid extraction and ascorbic acid extraction data, shows that
acetic acid extraction results have a better precision than that o f ascorbic acid extraction.
This may be caused by the matrix effects because in the acetic acid extraction the
only extra elements introduced into the sample solution are carbon, hydrogen and oxygen,
which generally have no significant influence in ICP-OES analysis; in the ascorbic acid
extraction, however, high concentration o f sodium (approximately 0.5%) has been
introduced into the sample solution by the reagent o f sodium citrate and sodium
bicarbonate, and the sodium may have an effect on analyte lines with high excitation
potentials after it is introduced into plasma. Since the standard deviations are not so large,
the mean o f the three repeat analyses may be regarded as credible.
A s for individual elements, large standard deviations exist in ascorbic acid
extractable Cd, Cr and Ni determinations and poor precision for V has been found in both
ascorbic acid and acetic acid extractions.

4.5 Conclusions
Total acid dissolution including HF treatment, nitric acid/oxalic digestion, and
extraction in 5% v/v acetic acid, ascorbic acid and sodium dithionite were applied in the
determination o f Zn, Cr, Fe, Mn, Ni and Cu in sediments o f Lake Erie. The accuracy o f
total digestions was estimated by the certified reference material, Mess-3.
The efficiency o f the nitric acid/oxalic digestion was measured by comparing with
data from the total digestion technique. This extraction cannot be applied for total metal
analysis for some elements (e.g. Ni, Cr and Zn) since it seriously underestimates the
amounts o f these metals in Lake Erie sediments from the eastern basin. Correlations o f
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residual concentrations after nitric acid/oxalic digestion for Fe, M n and Ni reveals that
these elements may be associated with similar resistant silicate phases.
An acetic acid extraction procedure was used to evaluation o f the extent
contamination o f heavy metals possibly originating from anthropogenic activities.
Analysis o f sediments from ECC28 and ECC57 may indicate a reducing anthropogenic
input o f heavy metals in this area recently.
Ascorbic acid extraction provides information on reactive Fe and Mn oxides, which
can be used to evaluate the mobility o f heavy metals coupled with the pore water data.
Enrichment o f Mn oxide near the surface may come from nitrate oxidation.
Sodium dithionite extractions shows the covariance in oxide phase concentration o f
Fe, Mn, Ni, and Zn and suggests that Fe has a stronger crystallinity than M n; Fe, A1 and
Si oxide act as a dominant role on the distributions o f Ni and Zn.
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Figure 4.2: Co solid phase concentration profiles. Left ECC28, right ECC57 (Aacetic
acid o sodium dithionite • HN03/0xalic ☆Total)
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Figure 4.6: Mn solid phase concentration profiles. Left ECC28, right ECC57 (A
ascorbic acid Aacetic acid

o

sodium dithionite • HN03/0xaIic

"A"Total)
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Figure 4.7: Ni solid phase concentration profiles. Left ECC28, right ECC57 (A
ascorbic acid Aacetic acid

o

sodium dithionite • HN03/0xalic

Total)
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Figure 4.9: Zn solid phase concentration profiles. Left ECC28, right ECC57 (▲
ascorbic acid Aacetic acid

o

sodium dithionite • HN03/0xaIic

Total)
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Table 4.1: Operational parameters used for the determination of elements by ICPOES

Parameter

Setting

Nebulizer type

Meinhard concentric glass

Spray chamber type

Cyclonic

Detector type

Themostatted charge injection device

RF power

1150 W

Auxiliary gas

Low

Nebulizer pressure

15.0 psi

Flush pump rate

100 rpm

Analysis pump rate

100 rpm

Relaxation time

0.0 sec

Sample flush time

40 sec

Delay time

15 sec

Num ber o f Repeats

3

CID Max.

Low wavelength range

30.0 sec

Integration times

Long wavelength range

5.0 sec

Table 4.2: Results for the total metal content of Mess -3
Element

Found value (ppm)

Certified value (ppm)

Cr

93.90

105 ± 4

10.57

Cu

28.51

3 3 .9 ± 1 .6

15.90

Fe

4.27 (%)

4.34 (%) ± 0.11

1.61

Mn

306.11

324112

5.56

Ni

46.27

4 6 .9 1 2 .2

1.34

V

231.51

243 1 10

4.94

Zn

149.33

15918

6.08

Variance (% )
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Table 4.3: Duplication of total extraction
ECC28-3 (ppm)

Element

ECC57-37 (ppm)

Original

Repeat

Original

Repeat

Cr

84.83

76.31

58.10

67.70

Cu

39.69

40.83

28.40

28.24

Fe

4.28 (%)

4.41 (%)

3.81 (%)

3.96 (%)

Mn

870.28

861.48

915.73

955.67

Ni

50.73

52.64

40.76

45.24

V

115.18

120.81

100.90

115.24

Zn

178.94

180.40

125.62

137.28

Table 4.4: Correlation coefficient for various element associations in the sodium
dithionite soluble fraction of sediment from eastern Lake Erie (r2is significant at the
0.01 level when > 0.56)
Mn

Co

ECC28

ECC57

ECC28

ECC57

ECC28

ECC57

0.67

0.47

0.70

0.53

0.80

0.63

0.64

0.72

0.84

0.88

0.75
0.88

0.78

Mn

0.72

0.58

0.60
0.56

0.69

Mo

ECC28

0.82

0.55

Cu

0.80

0.53

0.70

0.67

0.63

0.76

0.67

0.63

0.79

0.70

0.57

0.70

La

0.77

0.71

0.89

0.63

0.74

0.65

Ce

0.78

0.75

0.88

0.57

0.75

0.58

Ca
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ECC57

A1

Fe

Si

Mn

ECC28

ECC57

ECC28

ECC57

ECC28

ECC57

Pr

0.80

0.78

0.90

0.59

0.76

0.65

Nd

0.78

0.81

0.88

0.55

0.75

0.50

Sm

0.77

0.72

0.85

0.44

0.76

Eu

0.79

0.69

0.82

0.38

0.73

Gd

0.69

0.72

0.77

0.42

0.67

Tb

0.76

0.66

0.80

0.39

0.71

Dy

0.66

0.75

0.74

0.46

0.60

Ho

0.59

0.70

0.68

0.39

0.54

Er

0.62

0.68

0.73

0.37

0.61

Tm

0.60

0.68

0.68

Yb

0.54

Th

0.66

Fe

0.76

ECC28

0.52
0.41

0.65

0.78

0.87
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Appendix: Comparison of ICP-OES and
ICP-MS Analysis
1. Results and discussion
1.1

Comparison of total extracted sediment data obtained by ICP-MS

and ICP-OES
Total digested sediment samples were analyzed by ICP-OES and ICP-MS, and the
results obtained for ECC 28 are presented in Fig. A .I.
A general trend observed when comparing the ICP-OES and ICP-MS data is that
the values for all the elements determined by both techniques are generally within 20%
o f each other except for K, Fe, Co and Zn where the ICP-MS values are always lower
than those found by ICP-OES. Some elements like the rare earth elements cannot be
detected by ICP-OES.
In general, when pooled and compared there is good agreement between both
analytical techniques for the mean concentrations for Na, Mg, Ca, V, Cr, Cu, Cd and Mn
in a subset o f samples. However, for several other elements, such as Zn, K and Fe, there
are large differences between the results obtained.
To evaluate the accuracy o f methods employed, a certified sample (Mess-3) was
analyzed by both techniques and data determined by ICP-OES and ICP-MS were
compared with the certified values (Table A .l). Differences from -15 to 0% were
obtained for ICP-OES except for Co and between -19 and 0% for ICP-MS except for K,
Fe, Zn and Ni.
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1.2

Comparison of pore water data obtained by ICP-OES and ICP-

MS
Pore w ater samples were analyzed by ICP-OES and ICP-MS, and the results
obtained for ECC 28 are presented in Fig. A.2.
Compared with sediment samples, pore water samples have lower matrix
concentrations. This may reduce the matrix effects in ICP-MS analysis. However, as the
concentrations o f most trace metals in pore water are much lower than those in
sediments, the utility o f ICP-OES measurements will be limited by detection limits o f this
technique.
Broad trends observed when comparing ICP-OES and ICP-MS data include the
distinctly different mean concentrations for the elements Fe, Mn and K are large. ICP-MS
values for Fe are always higher than those found by ICP-OES; ICP-MS gives lower
values for K.

2. Conclusions
In view o f the results determined by both techniques, some issues can be considered:
•

Sample pretreatment has a small influence on performance, as the samples must
be dissolved for both techniques.

•

Sample size requirements are similar in both ICP-OES and ICP-MS.

•

The most often used reagent for dilution in ICP-OES is 1% nitric acid or distilled
water while internal standard (Be, In, T1 dissolved in 1% nitric acid) m ust be
added in the samples for ICP-MS analysis.
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•

The working range o f ICP-MS has a ceiling (>100ppm) [Olesik, 1991], above
which error escalates exponentially.
o

This may require larger dilution factors for ICP-MS treatments which can
introduce new sources o f error into the analysis.

•

The detection limits acquired in both techniques are sample dependent.
Generally, detection limits o f ICP-MS are up to 3 orders o f magnitude less than
those in ICP-OES. For this reason, ICP-MS is considered the preferred technique
for trace and ultra-trace analysis.

•

Comparing the values found for the certified material Mess-3 obtained in ICPOES and ICP-MS, a general trend can be observed that ICP-OES is the more
appropriate choice for major elements analysis such as Na, K, Ca, M n and Fe;
o

Ni and Zn present good accuracy in ICP-OES while poor accuracy is
shown in ICP-MS.

o

Suppression o f Ni and Zn signal in ICP-MS analysis may be caused by the
high background concentration o f N a in some matrices.

•

Pore water data indicated that ICP-MS is the preferred technique for the elements
V, Cr, Co, Ni, Cu and REE.
It remains complicated to determine the appropriate technique for the samples and

elements o f choice, ICP-OES or ICP-MS. In general terms, ICP-OES is often the better
choice for the lower atomic weight elements, while ICP-MS is better for the higher
atomic weight elements [Lui et al, 2002]. But confounding factors such as matrix effects
and abundance o f dissolved elements must be considered and quantified prior to the
analysis o f environmental samples analysis.
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Figure A .l Comparison of total digestion data obtained by ICP-OES and ICP-MS
(A ICP-OES, • ICP-MS)
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(A ICP-OES, • ICP-MS) (Continued)
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110

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0

Depth cm

-4

Ca
-8

A
•12

!

•16
20

40

60

80

100

,

2

!

,

4

!
6

C oncentration ppm

C oncentration ppm

Mg
Depth cm

i
fo

Q

-16

12

8

12

16

20

Concentration ppm

Concentration ppm

Figure A.2 Comparison of pore water data obtained by ICP-OES and ICP-MS ( A
ICP-OES, • ICP-MS)

111

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

24

0

-4

Mn

Depth cm

-4

Zn

-e
•12

-12

•16

0

2

4

6

6

Concentration ppm

0

0.04

0.08

0.12

Figure A.2 Comparison of pore water data obtained by ICP-OES and ICP-MS ( A
ICP-OES, • ICP-MS)

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

0.16

Table A.l: Results for the total metal content of MESS-3
(ppm unless otherwise stated)
Element

Certified Value (ppm)

ICP-MS (ppm)

ICP-OES (ppm)

Na

1.6 (%)

1.3 (%)

1.4 (%)

Mg

1.6 (%)

1.6 (%)

1.6 (%)

K

2.6 (%)

1.7 (%)

2.4 (%)

Ca

1.47 ± 0 .0 6 (%)

1.32 (%)

1.38 (%)

V

243 ± 10

225.28

231.51

Cr

105 ± 4

95.08

93.9

Mn

324 ± 12

259.92

306.11

Fe

4.34 ± 0 .1 1 (%)

2.06 (%)

4.27 (%)

Co

14.4 ± 2 .0

13.38

26.56

Ni

46.9 ± 2.2

60.17

46.27

Cu

33.9 ± 1.6

32.28

28.51

Zn

159 ± 8

10.08

149.33

Cd

0.24 ±0.01

0.63

As

21.2 ± 1.1

20.55

Mo

2.78 ± 0.07

2.63

U

4

3.37

Sr

129 ± 11

111.31
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